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Background: Aphids, including the generalist herbivore Myzus persicae, transmit cucumber mosaic virus (CMV).
CMV (strain Fny) infection affects M. persicae feeding behavior and performance on tobacco (Nicotiana tabacum),
Arabidopsis thaliana and cucurbits in varying ways. In Arabidopsis and cucurbits, CMV decreases host quality and
inhibits prolonged feeding by aphids, which may enhance virus transmission rates. CMV-infected cucurbits also
emit deceptive, aphid-attracting volatiles, which may favor virus acquisition. In contrast, aphids on CMV-infected
tobacco (cv. Xanthi) exhibit increased survival and reproduction. This may not increase transmission but might
increase virus and vector persistence within plant communities. The CMV 2b counter-defense protein diminishes
resistance to aphid infestation in CMV-infected tobacco plants. We hypothesised that in tobacco CMV and its 2b
protein might also alter the emission of volatile organic compounds that would influence aphid behavior.
Results: Analysis of headspace volatiles emitted from tobacco plants showed that CMV infection both increased
the total quantity and altered the blend produced. Furthermore, experiments with a CMV 2b gene deletion mutant
(CMVΔ2b) showed that the 2b counter-defense protein influences volatile emission. Free choice bioassays were
conducted where wingless M. persicae could choose to settle on infected or mock-inoculated plants under a normal day/
night regime or in continual darkness. Settling was recorded at 15 min, 1 h and 24 h post-release. Statistical analysis
indicated that aphids showed no marked preference to settle on mock-inoculated versus infected plants, except for a
marginally greater settlement of aphids on mock-inoculated over CMV-infected plants under normal illumination.
Conclusions: CMV infection of tobacco plants induced quantitative and qualitative changes in host volatile emission and
these changes depended in part on the activity of the 2b counter-defense protein. However, CMV-induced alterations in
tobacco plant volatile emission did not have marked effects on the settling of aphids on infected versus mock-inoculated
plants even though CMV-infected plants are higher quality hosts for M. persicae.
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Cucumber mosaic virus (CMV) is the type species of the
genus Cucumovirus and has an extremely broad host
range comprising in excess of 1200 plant species [1, 2].
CMV is vectored by over 70 aphid species. Among the
best-studied CMV vectors is the generalist herbivore
Myzus persicae (common names: peach-potato or green
peach aphid) [1, 2]. M. persicae attacks a diverse range
of plants and is found in most parts of the world [3].
CMV transmission by aphids is non-persistent. This
means that virus particles are retained for relatively
short time periods (minutes to a few hours) in the
mouthparts (stylet) of the aphid, are acquired from
infected plants within a few seconds of feeding, and are
released rapidly during salivation [1, 2, 4]. The loose
binding of CMV particles to the stylet is mediated by
specific amino acid residues on the viral coat protein
and unknown receptor(s) within the common duct of
the stylet [5, 6]. Several recent studies also suggest that
viral gene products other than coat proteins and helper
factors also influence virus transmission but through
indirect means (reviewed in refs. [7–9]).
A CMV gene product that plays an indirect role in
virus transmission is the 2b counter-defense protein
[10]. On tobacco (Nicotiana tabacum cv. Xanthi) plants
infected with the Fny strain of CMV, the reproduction
and survival of M. persicae is enhanced [10, 11]. In con-
trast, it was found that on tobacco plants infected with a
2b gene deletion mutant of the Fny strain of CMV
(CMVΔ2b) the aphid death rate was increased and
reproduction of the insects was diminished [10]. Thus,
in the tobacco cultivar Xanthi the effects of CMV infec-
tion, or the activity of one or more CMV gene products,
have the potential to elicit antibiosis against aphids; as
seen when plants are infected with CMVΔ2b. Ziebell
and colleagues [10] postulated that the 2b protein
inhibited this induction of resistance through its
effects on jasmonate-mediated signalling [12] but sub-
sequent work indicated that the mechanism might be
more complex [13].
Studies with viruses of the genus Potyvirus have also
demonstrated that viruses can engender enhanced aphid
performance on infected plants. This was seen in a var-
iety of host-potyvirus combinations, including: turnip
mosaic virus (TuMV) in Arabidopsis thaliana [14]; po-
tato virus Y (PVY) in potato (Solanum tuberosum) [15],
and zucchini yellow mosaic virus in zucchini squash
(other names: marrow or courgette) (Cucurbita pepo)
[16, 17]. Potential mechanisms proposed to explain en-
hanced aphid performance include improvement in the
nutritional properties of the infected host, combined
with inhibition of its defenses [14, 16, 17]. Casteel and
colleagues [14] showed that, in Arabidopsis plants in-
fected with TuMV, the viral NIa protein induced thesechanges in the host. However, a virus can induce oppos-
ite effects on host-vector interactions in different hosts.
For example, rather than enhancing survival and
reproduction, CMV induces feeding deterrence against
M. persicae in Arabidopsis [18] and against M. persicae
as well as Aphis gossypii in the ‘Dixie’ variety of squash
and in cucumber (Cucumis sativus) [19, 20]. Similar
contrasts have been noted for potyviruses. Hence,
whereas PVY infection enhanced M. persicae feeding in
potato [15] this virus induced resistance to this aphid in
N. benthamiana [13]. Interestingly, PVY infection inhib-
ited feeding on potato by another aphid, Macrosiphum
euphorbiae [15]. The induction of resistance toM. persicae
by CMV in Arabidopsis and by PVY in N. benthamiana
appears to emerge from the combined action of multiple
viral gene products [13, 18].
Mauck and colleagues [19] noted that despite being
less palatable to aphids, squash plants infected with the
Fny strain of CMV were initially more attractive to
aphids and this was related to increases in the quantity
of volatile organic compounds (VOCs) released by in-
fected plants. They proposed that increased VOC emis-
sion acts as a deceptive semiochemical signal to lure
aphids towards infected plants, while the unpalatability
of the infected plants would repel the insects as soon as
they had acquired virions during the initial probing of
the host’s epidermal tissue. The effects of plant VOC
emission on insect herbivore behavior can be profound
but it is thought that changes in the composition of the
VOC blend, rather than the quantity of VOCs emitted,
is typically most important in determining changes in in-
sect behavioral responses [21–23]. However, Mauck and
colleagues [19] found that the VOC blend emitted by
CMV-infected squash appeared to be qualitatively simi-
lar to the blend emitted by healthy plants.
Since VOC emission had such a profound influence on
the interactions of aphids and squash plants infected
with the Fny strain of CMV [19], we suspected that the
same virus strain would also cause changes in the quan-
tity or blend composition of VOCs emitted by tobacco
plants. We hypothesized that increases or alterations in
VOC blends might act as a non-deceptive signal that
would attract aphids to tobacco plants that had been
made more hospitable to colonization by virus infection.
However, we found that although infection by either
CMV or its mutant CMVΔ2b did alter VOC emission in
tobacco, these changes did not appear to increase the
preference of aphids for infected versus mock-inoculated
plants in free choice assays.
Methods
Biological materials
Tobacco (Nicotiana tabacum L.) cv. Xanthi seeds were
sown and plants grown on Levington M3 compost
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anically inoculated at the 3-to-4 leaf stage with purified
virions of either CMV (strain Fny: [24]), or Fny-CMVΔ2b
[25] diluted in water, or they were mock-inoculated with
water. Inoculation efficiency was increased using
Carborundum as an abrasive (SiC powder: Alfa Aesar,
Heysham, U.K.). Plants were used for experiment at
10 days post-inoculation. Infection with CMVΔ2b in
tobacco does not induce visible symptoms [26, 27], so
infection was confirmed by double antibody sandwich
enzyme-linked immunosorbent assay at the end of
each experiment (Bioreba, AG, Reinach, Switzerland)
or using CMV-specific Immunostrips (Agdia Inc., Elkhart,
IN, USA) as described previously [10]. Experiments with
aphids used wingless (apterous) Myzus persicae (Sulz.) of
clone US1L [28] and M. persicae colonies were main-
tained on tobacco plants.Volatile organic compound collection and analysis
VOC collection by entrainment was done by placing
plants singly in sealed 1.0 l glass chambers with
charcoal-filtered air pumped in at the bottom of the ves-
sel. All parts were cleaned with acetone and baked in an
oven at 150 °C for 2 h before use. VOCs were captured
on a Porapak Q filter [50 mg, 60/80 mesh size, Supelco
(Sigma-Aldrich)] contained in a glass gas chromatograph
(GC) inlet liner between silanized glass-wool plugs [29].
The Porapak Q tube was inserted at the top of the
chamber, and headspace air was drawn through the tube
at a rate of 750 ml.min−1 for a 3-day period. The
entrained VOCs were eluted from the Porapak Q filters
with 750 μl redistilled diethyl ether and stored at -20 °C.
Quantitative VOC analysis was performed using a
Hewlett-Packard (HP) 6890 GC equipped with a cold
on-column injector, a flame ionisation detector and a
50 m × 0.32 mm internal diameter (I.D.) HP-1 bonded
phase fused silica capillary column. The oven temperature
was maintained at 30 °C for 2 min and then programmed
at 5 °C.min−1 to 150 °C, followed by 10 °C.min−1 to 250 °C.
The carrier gas was hydrogen [30, 31].
Compounds were identified by coupled GC-mass spec-
trometry (GC-MS) and comparison of retention times with
authentic standards. A capillary GC column (50 m ×
0.32 mm I.D. HP-1) fitted with an on-column injector was
directly coupled to a mass spectrometer (Agilent 5973
MSD). Ionisation was by electron impact at 70 eV at 250 °C.
The oven temperature was maintained at 30 °C for 5 min
and then programmed at 5 °C.min−1 to 250 °C [30, 31]. The
carrier gas was helium. Compounds were identified by com-
parison of the obtained spectra with a mass spectral data-
base (National Institute of Standards and Technology mass
spectral library version 2.0. Office of the Standard Reference
Data Base, National Institute of Standards and Technology,Gaithersburg, Maryland: http://www.nist.gov). The isomeric
composition of compounds was not investigated.
Aphid free choice assays
Aphid free choice assays were performed using wingless
adult M. persicae on tobacco plants infected systemically
with CMV, CMVΔ2b, or plants mock-inoculated with
water as controls. Plants were grown in square 33 ×
33 cm plastic plant pots containing two plants planted
equidistantly from the aphid placement point. Ten days
following viral inoculation, 10–15 adult aphids were
placed inside 1.5 ml microcentrifuge tube placed in the
middle of the pot, equidistant between plants placed
9 cm apart. The lid of the tube was left open, allowing
the aphids to escape. The numbers of aphids that settled
on either plant were recorded after 15 min, 1 h and
24 h. To confine the aphids, each pot containing a pair
of plants was wrapped in a micro-perforated bread bag
(Associated Packaging Ltd., Tonbridge, Kent, UK) and
was kept in a mesh insect cage (Insect Cage Net,
Carmarthen, Dyfed, UK). Experiments were carried out
under normal illumination six times with a total of n =
44–59 pairs of plants used for each comparison, and to
exclude visual cues, experiments were carried out in the
dark seven times with a total of n = 72–84 pairs of plants
for each comparison. Plants grown and experimented
upon under ‘normal illumination’ were maintained in a
controlled environment room (Conviron Ltd., Winnipeg,
Manitoba, Canada) with a 16 h photoperiod (200
μE.m2.s−1 of photosynthetically active radiation) at 22 °C
and 60% relative humidity. For experiments carried out
in darkness the same conditions of temperature and
humidity were used but without light.
Statistical analysis
To assess whether or not aphids preferentially settled on
infected plants, we modelled the data from individual
pots in a single choice test as independent samples from
binomial distribution with a probability of “success” (i.e.
choosing an infected plant) that was fixed for each ex-
periment at each time. We chose to fix the probability of
success for each experiment – which corresponds to
pooling the data over all pots – after exploratory ana-
lysis, which indicated no over-dispersion in the data and
so no need for a more complex (e.g. beta-binomial)
model to account for systematic differences between
pots. We therefore fitted the model ni,t
+ ~ Bin(ni,t
+ + ni,t
− , pt)
to the data, where ni,t
+ is the number of aphids that settled
on the infected plant in the ith pot at time t, and ni,t
− is the
number that settled on the uninfected plant. For t =
0.25 h, t = 1 h and t = 24 h, the probability that aphids
choose to settle on infected plants, pt, is the parameter
that must be estimated: there are therefore three probabil-
ities to be estimated for each experiment (Eq. 1).
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p24 in the Bayesian framework, using uninformative
priors to allow estimates to be entirely driven by the
data. The probability density of pt given the experimen-
tal data, D, was therefore directly proportional to the
likelihood function (i.e. the probability of the data given
pt), with (for all three values of t)
ℙ pt jDð Þ∝ℙ Djptð Þ∝
Y
i pt
ni;t
þ
1−ptð Þn
−
i;t : ð1Þ
The level of support from the data for any preference in
aphid choices was then assessed by checking whether or not
95% credible intervals for p0.25, p1 and p24 overlapped 0.5.
Results
Cucumber mosaic virus and its 2b protein affect volatile
emission by tobacco
Headspace VOCs were collected from tobacco plants
that had been mock-inoculated or infected with either0 
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Fig. 1 CMV infection quantitatively and qualitatively alters the blend of org
compounds (VOCs) were collected by dynamic headspace trapping from to
with CMV (strain Fny) or its 2b gene deletion mutant CMVΔ2b. a Total VOC em
emission corrected for leaf area are shown. A, 3-hexanol; B, trans-2-methylcyclop
6-methyl-5-hepten-2-one; G, limonene; H, non-2-en-1-ol; I, nonanal; J, decanal; K
α-farnesene, and Q, unknown [(potentially sulfur containing compound(s)]. VOCCMV (strain Fny) or its 2b gene deletion mutant
(CMVΔ2b) and analysed by GC-MS. Quantitatively,
VOC emission per unit of leaf area was approximately
four-fold higher for CMV-infected plants than for mock-
inoculated plants (Fig. 1a). The composition of the VOC
blend emitted by CMV-infected plants differed qualita-
tively and quantitatively compared with mock-inoculated
plants, with 15 compounds identified in the blend emit-
ted by CMV-infected plants compared to 14 identifiable
in the blend from mock-inoculated plants (Fig. 1b). Two
compounds induced by CMV infection were absent from
the VOC blend emitted by mock-inoculated plants
(2,5-dimethyl-3,4-hexanediol and dodecanal) and the
emission of at least one compound (6-methyl-5-hep-
ten-2-one) was suppressed entirely in CMV-infected
plants (Fig. 1b).
In tobacco CMVΔ2b accumulates to a lower titer than
wild-type CMV and induces no discernible symptoms
during a systemic infection (for examples, see refs. [26, 27]).CMV CMV 2b 
H I J K L M N O P Q 
pound 
mock 
CMV 
CMV 2b 
anic volatile compounds emitted by tobacco plants. Volatile organic
bacco plants that had been mock inoculated (mock) or inoculated
issions corrected for leaf area are shown as mean ± SEM. b Individual VOC
entanol; C, nonane; D, 2,5-dimethyl-3,4-hexanediol; E, 2,6-dimethyloctane; F,
, undecanal; L, nerolidol; M, tetradecane; N, dodecanal; O, geranylacetone; P,
s were collected for 3 days (n = 3 plants per treatment group)
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complexity of the VOC blend and in the overall quantity of
VOCs emitted (Fig. 1a, b). The VOC profile of CMVΔ2b-
infected plants was markedly impoverished compared to
those of mock-inoculated and CMV-infected plants, indi-
cating that the mutant virus suppressed the emission of the
majority of compounds present in VOC profiles from
CMV-infected or mock-inoculated plants (Fig. 1b). The
VOC profile of CMVΔ2b-infected plants comprised only
five identifiable compounds dominated by 3-hexanol and
trans-2-methylcyclopentanol. There was evidence for emis-
sion of an unidentified VOC in the blend emitted by
CMVΔ2b-infected plants, which was not present in the
blends emitted by mock-inoculated or CMV-infected
tobacco plants (Fig. 1b).
Aphid free choice assay
The free choice experiments with wingless aphids were
carried out on six occasions under a normal illumination
cycle (Fig. 2) and seven occasions in the dark to exclude
visual cues (Fig. 3) (Additional file 1: Table S1) [32]. In
the experiments carried out under normal illumination,
aphids were found to be only marginally less likely to
choose to settle on CMV-infected plants compared to
mock-inoculated plants at all three time points (95%
credible intervals for the probability of settling on an in-
fected plant conditional on settling were 0.36–0.48 for
p0.25, 0.40–0.49 for p1, 0.40–0.49 for p24) (Fig. 2c).
However, there was no further decline in the number of
aphids settling on CMV-infected plants from the 0.25 h
time point through to the 1 h or 24 h assessment times
(Fig. 2c). Thus, once they had settled on a plant, the
aphids were not deterred from feeding.
When the aphids were allowed to choose between set-
tling on CMV-infected or on CMVΔ2b-infected plants,
they showed no preference for one type of infected plant
over the other (Fig. 2a). Aphids settled on mock-
inoculated or CMVΔ2b-infected plants without showing
any preferential settling (Fig. 2b) and they did not show
any bias in choice tests with mock-inoculated plants
only (Fig. 2d). Choice tests carried out in the dark (Fig. 3)
indicated that under these conditions the aphids had no
preferences for mock-inoculated plants, or for CMV-
infected or CMVΔ2b-infected plants. For clarity, a
graphical summary of the free choice experimental results
performed under the normal illumination cycle (Fig. 2)
and in darkness (Fig. 3) is presented in Fig. 4.
Discussion
Previously, we showed that survival, reproduction, and
duration of sustained ingestion from the phloem are all
increased for M. persicae on tobacco (cv. Xanthi) in-
fected with Fny-CMV [10]. We also showed that the 2b
gene deletion mutant Fny-CMVΔ2b induces antibiosisagainst aphids resulting in decreased aphid survival
and reproduction [10]. In this study, we found Fny-
CMV and Fny-CMVΔ2b infection induced distinct
quantitative and qualitative changes to the VOC
blends emitted by tobacco plants. Thus, in tobacco
the 2b protein can influence the emission of VOCs,
which has also been noted in tomato (S. lycopersicum)
[33] and Arabidopsis [33, 34].
We had hypothesized that these changes in VOC out-
put might influence aphid behaviour; for example, by
making CMV or CMVΔ2b infected plants more or less
attractive to aphids. If aphids made perfect choices to
maximise their fitness, we would have expected them to
be attracted by VOCs of CMV-infected plants and pref-
erentially accumulate on diseased plants. This is because
our previous studies showed that CMV infected plants
are better quality hosts for aphids [10]. An alternative
scenario is that CMV induces repellent volatiles to in-
crease vector mobility and hence promote virus dissem-
ination. However, free choice assays showed that aphids
had at best only a marginally decreased probability of
settling on CMV-infected versus mock-inoculated plants
under a normal light/dark cycle and no detectable bias
in continuous darkness. We conclude that it is unlikely
that there is any biologically significant difference in M.
persicae preference for virus-infected versus mock-
inoculated tobacco plants in the dark or under normal
illumination. This indicates that virus-induced changes
in host VOC blends are not the only stimuli condition-
ing attractiveness of host plants and other cues such as
virus-induced changes in optical characteristics [35]
should be considered.
A fascinating possibility suggested by Mauck and col-
leagues [36] is that virus strains must co-evolve with
hosts to exert complete ‘control’ over host-vector inter-
actions. If this is correct, it may be that Fny-CMV is in-
sufficiently adapted to tobacco to be able to manipulate
this host’s VOC metabolism in a way that exerts bio-
logically significant effects on vector behavior. However,
for CMV there is little evidence for host-specific evolu-
tion of strains (most have very broad host ranges and
wide geographic distributions) except in the case of one
CMV strain that is highly adapted to rosemary (Rosmarinus
officinalis). Curiously, this rosemary-adapted CMV strain is,
unusually, very poorly transmissible by aphids [37]. An al-
ternative hypothesis to explain our results with tobacco is
that the virus-induced changes in VOC blends somehow
decrease the attractiveness of CMV-infected plants. This
might serve the interests of the virus since increased host
quality might otherwise retard onward migration of virulif-
erous aphids.
CMVΔ2b infection makes tobacco plants poor hosts
for M. persicae [10]. Despite this, aphids were not de-
terred from settling on CMVΔ2b-infected plants. Thus,
Fig. 2 Settlement of aphids on infected tobacco under normal illumination. Pots contained two plants infected either with CMV strain Fny (Fny-CMV), the
2b gene deletion mutant (Fny-CMVΔ2b), or a plant that had been mock inoculated with water (mock). Ten to 15 wingless adult aphids (M. persicae) were
placed in a microfuge tube that was equidistant between each pair of plants (plants placed 9 cm apart). The number of aphids that settled on each plant
was recorded at 0.25, 1 and 24 h after aphid release. Panels a-d show the combined data for six experiments carried out under normal illumination (16 h
photoperiod). In each panel (a-d), the bar chart shows the experimental data; the lower graph shows the posterior density of the parameters p0.25, p1 and
p24, the probabilities of choosing to settle on an infected plant conditional on settling at t= 0.25 h, t= 1 h and t= 24 h, respectively. The legend gives
mean values and 95% credible intervals for each parameter: these are also shown graphically below the x-axis (dot is the mean; line shows the credible
interval). Panel c shows that the data support a slightly reduced probability of aphids choosing to settle on CMV-infected plants over mock-inoculated ones
at 0.25, 1 and 24 h (95% credible interval for the probability of settling on an infected plant conditional on settling was 0.36–0.48 for p0.25, 0.40–0.49 for p1,
0.40–0.49 for p24)
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ity do not always correlate with changed attractiveness
to vectors. It should also not be assumed that virus-
induced changes in VOC emission affect all plant-insect
interactions equally. For example, CMV-induced changes
in VOC emission by squash plants attract aphids [19] but
do not attract parasitoid wasps that prey on aphids [38],
and infection of two Arabidopsis accessions with the LS
strain of CMV did not alter aphid preferences in free
choice assays [39].
These results support previous work [10] showing that
CMV infection alters tobacco secondary metabolism and
that the 2b protein has a role in this. However, changes
in tobacco VOC emission do not act either as ‘honest’
advertisements to aphids for good hosts (in the case ofCMV-infected plants) or ‘deceptive’ advertisements or
warnings of poor hosts (as in the case of CMVΔ2b-
infected plants). Presently, it is not known which specific
CMV-induced biochemical changes affect host quality
for aphids on tobacco. However, it is known that nico-
tine does not mediate CMVΔ2b-induced antibiosis [10].
In melon (Cucumis melo), CMV infection elevates
phloem sugar levels [40], which might benefit aphids.
However, if similar phloem sugar increases occur in
Cucurbita pepo or Cucumis sativus, any beneficial effect
on the aphids must be negated by other biochemical
changes since CMV infection renders these plants un-
palatable to M. persicae and A. gossypii [19, 20]. Another
possibility is that amino acid levels increase in CMV-
infected tobacco; this might explain enhanced aphid
Fig. 3 Aphids showed no preferential settling on CMV, CMVΔ2b or mock-inoculated tobacco plants in darkness. Pots contained two plants infected
either with CMV strain Fny (Fny-CMV), the 2b gene deletion mutant (Fny-CMVΔ2b), or a plant that had been mock inoculated with water (mock). Ten
to 15 wingless adult aphids (M. persicae) were placed in a microfuge tube that was equidistant between each pair of plants (9 cm apart). The number
of aphids that settled on each plant was recorded at 0.25, 1 and 24 h after aphid release. Panels a-d, show the combined data for seven experiments
carried out in the dark. In each panel (a-d), the bar chart shows the experimental data; the lower graph shows the posterior density of the parameters
p0.25, p1 and p24, the probabilities of choosing to settle on an infected plant conditional on settling at t = 0.25 h, t = 1 h and t = 24 h, respectively. The
legend gives mean values and 95% credible intervals for each parameter: these are also shown graphically below the x-axis (dot is the mean; line shows
the credible interval)
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estingly, in CMV-infected squash, which is an unsuitable
host for aphids, phloem amino acid content is de-
creased [41].
CMV-infected cucurbits attract aphids through changes
in VOC emission but the decreased palatability of these
plants subsequently repels them [19, 20]. In Arabidopsis,
CMV also induces unpalatability, which encourages aphid
dispersion [18]. The effects of CMV on cucurbits
and Arabidopsis probably drive spread of this non-
persistently transmitted virus, since CMV acquisition
and inoculation are favored by brief probe-feeds by
aphids, not by prolonged ingestion [42]. In contrast,
CMV infection of tobacco engenders protracted
phloem feeding [10]. Contrasting effects of plant
viruses in different host plants are also seen with
PVY in potato (where M. persicae performance wasenhanced) [15] and PVY in N. benthamiana (where
resistance to M. persicae was induced) [13]. Indeed,
one host can be affected in opposite ways by different
non-persistently transmitted viruses. This is illustrated
by Arabidopsis, which is more resistant or more sus-
ceptible to M. persicae when infected by, respectively,
CMV [18] or TuMV [14]. Using the terminology of
‘Type 1’ (where viruses induce host resistance to
aphid feeding) and ‘Type 2’, where viral manipulation
inhibits resistance to aphids, we have suggested that
Type 1 manipulation encourages transmission of non-
persistently transmitted viruses, while Type 2 is a
pay-back to the aphids that allows vector and virus
reservoirs to persist within plant communities during
times of stress [10, 18]. In this model, CMV-infected
tobacco represents a Type 2 situation in which the
virus inhibits host resistance to aphids.
Fig. 4 Summary of the aphid free choice assays performed under
normal illumination and in darkness. Aphids (M. persicae) showed a
marginally lesser tendency to settle upon plants infected with CMV
than on mock-inoculated control plants at 0.25, 1 or 24 h post-placement
when the experiment is done under normal illumination (95% credible
interval for the probability of settling on an infected plant conditional on
settling was 0.36–0.48 for p0.25, 0.40–0.49 for p1, 0.40–0.49 for p24) or under
continuous darkness. Under continuous darkness aphids showed a
tendency to discriminate against settling on plants infected with
CMVΔ2b, although 0.5 was contained in all 95% credible intervals. Under
normal illumination and in continuous darkness there was no apparent
tendency for aphids to discriminate between CMV- or CMVΔ2b-infected
plants. The labelling of the y-axis shows the pair of plants being tested
(Fny-CMV, Fny-CMVΔ2b, and mock-inoculated plants) and the conditions
(normal illumination cycle or continuous darkness) under which the test
was carried out. The x-axis showed the range of the 95% credible interval
of the parameters p0.25, p1 and p24, the probabilities of choosing to settle
on an infected plant conditional on settling at t= 0.25 h, t= 1 h and
t= 24 h, respectively
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In tobacco, CMV and its 2b protein inhibit plant host
resistance to aphids and alter the emission of VOCs
by infected plants. Although infection of tobacco
plants with CMV improves host quality for the aphids
and alters VOC emission, it does not increase the
attractiveness of infected plants to the insects. Thus,
virus-bearing aphids will not be inhibited from
migrating away from CMV-infected tobacco plants
towards healthy plants.
Additional file
Additional file 1: Table S1. Supplementary Data, Aphid Choice.
(XLSX 83 kb)Abbreviations
CMV: Cucumber mosaic virus; CMVΔ2b: 2b gene deletion mutant of CMV;
GC-MS: Gas chromatography coupled mass spectrometry; PVY: Potato virus Y;
TuMV: Turnip mosaic virus; VOC: Volatile organic compound
Acknowledgements
We thank Heiko Ziebell, Jack H. Westwood, Ruairi Donnelly and members of
the Molecular Virology laboratory at the Department of Plant Sciences, University
of Cambridge, for valuable discussions.
Funding
This work was supported by grants from the Leverhulme Trust (F/09741/F,
RPG-2012-667), UK Biotechnology and Biological Sciences Research Council
(BB/D014376/1, BB/J011762/1) and the Cambridge University Isaac Newton
Trust (12.07/I).
Availability of data and materials
Not applicable.
Authors’ contributions
Conceived and designed the experiments: JPC. Performed the experiments:
SCG, TT, AMM, TJB, AEP, JI. Analyzed the data and wrote the paper: SCG, TT,
NJC, JPC. All authors read and approved the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Department of Plant Sciences, University of Cambridge, Downing Street,
Cambridge CB2 3EA, UK. 2Rothamsted Research, Harpenden, Hertfordshire
AL5 2JQ, UK. 3Present Address: Department of Biology, Center for Genomics
and Systems Biology, New York University, New York, NY 10003, USA.
Received: 1 March 2017 Accepted: 19 April 2017
References
1. Jacquemond M. Cucumber mosaic virus. Adv Virus Res. 2012;84:439–504.
2. Palukaitis P, García-Arenal F. Cucumoviruses. Adv Virus Res. 2003;62:241–323.
3. Pickett JA, Wadhams LJ, Woodcock CM, Hardie J. The chemical ecology of
aphids. Annu Rev Entomol. 1992;37:67–90.
4. Ng JCK, Falk BW. Virus-vector interactions mediating nonpersistent and
semipersistent transmission of plant viruses. Annu Rev Phytopathol. 2006;44:
183–212.
5. Ng JCK, Liu SJ, Perry KL. Cucumber mosaic virus mutants with altered
physical properties and defective in aphid vector transmission. Virology.
2000;276:395–403.
6. Brault V, Uzest M, Monsion B, Jacquot E, Blanc S. Aphids as transport devices
for plant viruses. Compte Rendus Biol. 2010;333:524–38.
7. Bragard C, et al. Status and prospects of plant virus control through interference
with vector transmission. Annu Rev Phytopathol. 2013;51:177–201.
8. Palukaitis P, Groen SC, Carr JP. The Rumsfeld paradox: Some of the things
we know that we don’t know about plant virus infection. Curr Opin Plant
Biol. 2013;16:513–9.
9. Jones RAC. Plant virus ecology and epidemiology: historical perspectives,
recent progress and future prospects. Ann Appl Biol. 2014;164:320–47.
10. Ziebell H, et al. Cucumber mosaic virus and its 2b RNA silencing suppressor
modify plant-aphid interactions in tobacco. Sci Rep. 2011;1:87.
11. Fu X, Ye L, Kang L, Ge F. Elevated CO2 shifts the focus of tobacco plant
defences from cucumber mosaic virus to green peach aphid. Plant Cell
Environ. 2010;33:2056–64.
Tungadi et al. Virology Journal  (2017) 14:91 Page 9 of 912. Lewsey MG, et al. Disruption of two defensive signaling pathways by a viral
RNA silencing suppressor. Mol Plant Microbe Interact. 2010;23:835–45.
13. Westwood JH, et al. Interference with jasmonic acid-regulated gene expression is
a general property of viral suppressors of RNA silencing but only partly explains
virus-induced changes in plant-aphid interactions. J Gen Virol. 2014;95:733–9.
14. Casteel CL, et al. The NIa-Pro protein of Turnip mosaic virus improves growth
and reproduction of the aphid vector, Myzus persicae (green peach aphid).
Plant J. 2014;77:653–63.
15. Boquel S, Giordanengo P, Ameline A. Divergent effects of PVY-infected potato
plant on aphids. Eur J Plant Pathol. 2011;129:507–10.
16. Blua MJ, Perring TM, Madore MA. Plant virus-induced changes in aphid
population development and temporal fluctuations in plant nutrients. J Chem
Ecol. 1994;20:691–707.
17. Salvaudon L, De Moraes CM, Mescher MC. Outcomes of co-infection by two
potyviruses: implications for the evolution of manipulative strategies. Proc
Royal Soc Lond B. 2013;280:20122959.
18. Westwood JH, et al. A trio of viral proteins tunes aphid-plant interactions in
Arabidopsis thaliana. PLoS ONE. 2013;8(12):e83066.
19. Mauck KE, De Moraes CM, Mescher MC. Deceptive chemical signals induced
by a plant virus attract insect vectors to inferior hosts. Proc Natl Acad Sci U
S A. 2010;107:3600–5.
20. Carmo-Sousa M, Moreno A, Garzo E, Fereres A. A non-persistently transmitted-
virus induces a pull-push strategy in its aphid vector to optimize transmission
and spread. Virus Res. 2014;186:38–46.
21. Bruce TJ, Pickett JA. Perception of plant volatile blends by herbivorous insects -
finding the right mix. Phytochemistry. 2011;72:1605–11.
22. Ngumbi E, Eigenbrode SD, Bosque-Pérez NA, Ding H, Rodriguez A. Myzus
persicae is arrested more by blends than by individual compounds elevated
in headspace of PLRV-infected potato. J Chem Ecol. 2007;33:1733–47.
23. Pickett JA, Allemann RK, Birkett MA. The semiochemistry of aphids. Nat Prod
Rep. 2013;30:1277–83.
24. Roossinck MJ, Palukaitis P. Rapid induction and severity of symptoms in
zucchini squash (Cucurbita pepo) map to RNA-1 of cucumber mosaic virus.
Mol Plant-Microbe Interact. 1990;3:188–92.
25. Ryabov EV, Fraser G, Mayo MA, Barker H, Taliansky M. Umbravirus gene
expression helps Potato leafroll virus to invade mesophyll tissues and to be
transmitted mechanically between plants. Virology. 2001;286:363–72.
26. Soards AJ, Murphy AM, Palukaitis P, Carr JP. Virulence and differential local
and systemic spread of Cucumber mosaic virus in tobacco are affected by
the CMV 2b protein. Mol Plant Microbe Interact. 2002;15:647–53.
27. Ziebell H, Payne T, Berry JO, Walsh JA, Carr JP. A cucumber mosaic virus
mutant lacking the 2b counter-defence protein gene provides protection
against wild-type strains. J Gen Virol. 2007;88:2862–71.
28. Devonshire AL, Sawicki RM. Insecticide-resistant Myzus persicae as an example
of evolution by gene duplication. Nature. 1979;280:140–1.
29. Beale MH, et al. Aphid alarm pheromone produced by transgenic plants
affects aphid and parasitoid behavior. Proc Natl Acad Sci U S A. 2006;103:
10509–13.
30. Bruce TJ, et al. cis-Jasmone induces Arabidopsis genes that affect the chemical
ecology of multitrophic interactions with aphids and their parasitoids. Proc
Natl Acad Sci U S A. 2008;105:4553–8.
31. Whitney HM, Chittka L, Bruce TJ, Glover BJ. Conical epidermal cells allow bees
to grip flowers and increase foraging efficiency. Curr Biol. 2009;19:948–53.
32. Döring TF, Chittka L. Visual ecology of aphids - a critical review on the role
of colours in host finding. Arthropod-Plant Interact. 2007;1:3–16.
33. Groen SC, et al. Virus infection of plants alters pollinator preference: A payback
for susceptible hosts? PLoS Pathog. 2016;12(8):e1005790.
34. Wu D, et al. Viral effector protein manipulates host hormone signalling to
attract insect vectors. Cell Res. 2017. doi:10.1038/cr.2017.2.
35. Maxwell DJ, et al. The effects of plant virus infection on polarization reflection
from leaves. PLoS ONE. 2016;11(4):e0152836.
36. Mauck KE, De Moraes CM, Mescher MC. Evidence of local adaptation in
plant virus effects on host–vector interactions. Integ Comp Biol. 2014;54:193–209.
37. Tepfer M, et al. A genetically novel, narrow-host-range isolate of cucumber
mosaic virus (CMV) from rosemary. Arch Virol. 2016;161:2013–7.
38. Mauck KE, De Moraes CM, Mescher MC. Infection of host plants by Cucumber
mosaic virus increases the susceptibility of Myzus persicae aphids to the parasitoid
Aphidius colemani. Sci Rep. 2015;5:10963.
39. Hily JM, et al. The relationship between host lifespan and pathogen reservoir
potential: An analysis in the system Arabidopsis thaliana-Cucumber mosaic virus.
PLoS Pathog. 2014;10(11):e1004492.40. Shalitin D, Wolf S. Cucumber mosaic virus infection affects sugar transport
in melon plants. Plant Physiol. 2000;123:597–604.
41. Mauck KE, De Moraes CM, Mescher MC. Biochemical and physiological
mechanisms underlying effects of Cucumber mosaic virus on host-plant
traits that mediate transmission by aphid vectors. Plant Cell Environ. 2014;
37:1427–39.
42. Powell G. Intracellular salivation is the aphid activity associated with inoculation
of non-persistently transmitted viruses. J Gen Virol. 2005;86:469–72.•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
